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つである E-MPS（Explict Moving Particle Simulation）法を用いた．剛体である護床ブロックは PMS
（Passively Moving Solid）モデルを用いることとし，護床ブロックの流出現象を考えるために護床ブロ
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Riverbed degradation has become common in many rivers because of a decrease in sediment 
supply from upstream. When riverbed degradation occurs downstream from a groundsill, the 
decrease in flow momentum on the apron and the bed protection that were assumed at the time of 
construction are no longer applicable. As a result, the degradation of the bed protection and the 
riverbed downstream is enhanced by the increased flow velocity. If a large flood occurs in such a 
situation, a step-down flow will occur downstream from the bed protection, causing local scour, and 
bed-protection blocks may be washed away. Furthermore, if the destruction of a structure that 
crosses a river, such as a groundsill, expands to cause embankments to collapse, it may cause great 
damage to areas behind the embankments. Therefore, it is important to evaluate the destruction 
limit and corresponding maintenance of groundsills. 
At present, however, the maintenance of groundsills is limited to evaluating their state, and 
countermeasures are taken after the fact, such as when a groundsill is damaged. Development of an 
evaluation method for the destruction limit of groundsills is thus required for preventive 
maintenance. The most catastrophic phenomenon of groundsill destruction is sudden destruction by 
outflow of bed-protection blocks from the downstream end. This phenomenon results from the 
increased difference between the upstream and downstream water levels when riverbed 
degradation occurs downstream. Hence, this study focuses on this destruction phenomenon. The 
purpose of the study is to develop a vertical two-dimensional fluid/sand/rigid body coupled analysis 
model that can evaluate the destruction limit of this phenomenon. Furthermore, methods are 
proposed for evaluating the destruction limit of groundsills with the developed model. 
The outflow phenomenon of bed-protection blocks entails complex moving-boundary problems in 
which the flow conditions, riverbed, and blocks interact dynamically. The numerical analysis model 
was developed by focusing on particle methods, which are Lagrangian methods that do not require 
a grid and are suitable for moving-boundary problems. A specific particle method, the E-MPS 
(Explicit Moving Particle Simulation) method, was used for the fluid phase. For bed-protection 
blocks, which are rigid bodies, the PMS (Passively Moving Solid) model was used; furthermore, it 
was expanded to a model that can address the bottom friction force of the blocks in order to consider 
their outflow phenomenon. For the solid (sand) phase, another Lagrangian method, the DEM 
(Distinct Element Method), was used. 
The model in this study was developed with the following approach for the fluid/solid interaction. 
The solid particles composing the riverbed are treated as a wall surface until separation from the 
riverbed. A problem arises, however, because the pressure becomes discontinuous at the interface 
between the wall particles in the E-MPS method and those of the solid particles; accordingly, the 
formula for calculating the particle number density was corrected. In addition, as the solid particles 
composing the riverbed are treated as wall particles, the flow in the riverbed is not evaluated in the 
fluid calculation using the E-MPS method. This causes a problem because the local average velocity 
of the fluid phase for a solid particle near the riverbed surface becomes excessive. Therefore, the 
formula for calculating this local average velocity was also corrected.  
To date, the applicability of numerical simulation using the E-MPS method has not been 
investigated for the wave jump and the submerged jet, which are the characteristic flow conditions 
over a backward-facing step. The applicability of the developed fluid/sand/rigid body coupled 
analysis model must also be verified for the general outflow phenomenon of bed-protection blocks, 
the scour phenomenon downstream, and the resulting block outflow phenomenon due to the scour. 
To confirm the model’s applicability for each phenomenon, hydraulic model experiments were 
conducted under the corresponding fixed-bed and movable-bed conditions. Through these 
experiments, the outflow mechanism of the bed-protection blocks was characterized. Then, for each 
phenomenon, a vertical two-dimensional numerical simulation was performed with the developed 
model, and the reproducibility was verified by comparison with the corresponding experimental 
results. The results showed that the E-MPS method could reproduce the wave jump and submerged 
jet flow conditions. In addition, the model could reproduce the phenomenon in which bed-protection 
blocks flow out one after another with the expansion of the scour downstream. 
Finally, methods were proposed to use the developed model to evaluate the destruction limit for 
the groundsill destruction phenomenon due to riverbed degradation downstream. The method 
evaluates the destruction limit by using the unit-width flow rate 𝑞 and the riverbed reduction 
amount ∆𝐻 downstream from the bed protection as indicators. In this study, two methods were 
developed for evaluating the groundsill destruction limit: a method using a fluid/rigid body coupled 
analysis model under fixed-bed conditions, and a method using the fluid/sand/rigid body coupled 
analysis model under movable-bed conditions. In the fixed-bed method, the scour shape is specified 
from experimental results. Numerical simulations of cases in which 𝑞 and ∆𝐻 were combined 
showed that a certain evaluation is possible for the destruction limit of the bed protection. In 
addition, for the movable-bed method, numerical simulations of those cases in which 𝑞 and ∆𝐻 
were combined showed that the destruction limit can be evaluated. 
